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Abstract                           
Introduction: Today, with development of various industries, the adverse events originated 
from explosion and emission of toxic and chemical substances have increased. These events 
may cause serious environmental problems that threaten human health and safety. Therefore, 
knowledge about the risk of toxic substances from industrial facilities is essential. Although, 
chlorine is extensively utilized in water treatment as a disinfectant and some chemical 
processes as an oxidizing agent, it can lead to some concerns in environmental issues. 
Materials and methods: In this study, distribution of chlorine in the water supply of Eyvan 
city from Ilam province, Iran, and its surrounding areas is evaluated and high-risk regions are 
defined by Process Hazard Analysis Software Tool (PHAST) specialized software. 
Results: The modeling results showed that the cloud of chlorine is about 1220 m across just 
downwind of the release for the first scenario (rupture of a chlorine vessel) in the summer; 
however, the probability of fatality is 100 % in a whole year in a distance of 40 m from the 
vessel. For the second scenario (rupture of pipeline including the chlorine gas) the human death 
mostly occurs in a distance of 25 m from the pipeline with the probability of 2.8 % in the 
summer due to low rate of released gas. 
Conclusion: As an important result, the land around the chlorination unit covering a distance 
of approximately 1220 m is vulnerable and risk prevention in that region should be accounted 
for. 
Keywords: Consequence assessment, Chlorine release, Modeling, PHAST 
Introduction 
There are many toxic materials in chemical 
industry that can harm human health (1-3). 
Many incidents have appeared in chemical 
storage sites in the recent years with 
considerable consequences for neighboring 
populations (4, 5). In this regards, a large 
number of researches have been carried out 
to define the level of risk and the possible 
impact to the surroundings for certain port 
areas (6-9). 
The science of risk assessment is well-
defined as a process, in which both 
qualitative and quantitative risks and their 
social evaluations are determined (10, 11). 
Whereas, the consequence is the result of an 
accident such as being a loss, injury, and 
weakness or gain. Consequence Analysis is 
an important part in chemical process 
quantitative risk analysis (CPQRA). In 
addition to CPQRA, consequence analysis 
can be useful for many other purposes such 
as determining an optimum location on 
plant, defining equipment design 
parameters, identification of potential 
impacts on adjacent facilities, and 
assistance in emergency response and etc. 
(12). This analysis is used for various 
chemical materials such as toxic, 
flammable and explosion materials (13). 
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Chlorine is an essential material to protect 
human from outbreaks of waterborne 
disease (14). Population growth and 
developing the water treatment technology 
make extensive use of consequence 
analysis for prediction and prevent the 
harmful effects of chlorine release in 
chemical plants. There are various 
commercial codes including Gaussian 
model for consequence analysis of risk, 
such as SLAB, ALOHA, PHAST, and etc. 
(15). Some required data for a Gaussian 
model are wind speed, atmospheric 
stability, height of the release above the 
ground, momentum of the material released 
and buoyancy, and surface roughness. 
Besides the mentioned agents, the 
population distribution around the desired 
industrial unit can be critical (12). 
PHAST software, which presents the best 
model for gas dispersion in outdoor 
environment, is a comprehensive 
consequence analysis tool in the field. By 
this software various release scenarios such 
as leaks, line ruptures, long pipeline 
releases and tank roof collapse in 
pressurized/unpressurised vessels or pipes 
can be modeled accurately (16). 
This present study is particularly focused 
on determining and identifying the 
locations with high risk near the water 
treatment plant of Eyvan city from Ilam 
province, Iran. The PHAST software is 
used for modeling the chlorine release. All 
possible scenarios are considered for real 
chlorine plant and the results are evaluated 
to determine the safety perimeters around 
industrial sites. 
Materials and methods  
The initial conditions given to the 
instantaneous and continuous discharge 
models depend on the source of release and 
accidental event. In a consequence model 
the initial conditions for a release are set by 
defining characteristics of the release and 
the failed equipment. The material before 
release is stored in a vessel under 
pressurised conditions. The initial 
conditions are specified by the temperature, 
pressure, and chlorine phase. Pressurised 
storage conditions are appeared for the 
gases held in pressure vessels containing 
only vapour phase and finally for the 
vessels including the pure saturated liquid 
phase. 
Stability: Passive dispersion is strongly 
affected by atmospheric stability. For 
dispersion modelling, the rate of change of 
temperature with height considerably 
affects the dispersion for both unstable and 
stable conditions. It is not necessary to 
know the rate of temperature change with 
height; it depends on the daytime insolation 
(i.e. sunshine reaching the ground) or night 
time cloud cover and on the wind speed. 
Besides the standard wind-rose information 
on wind speed and direction, the dispersion 
of release is reliant on the atmospheric 
stability. Whereas atmospheric conditions 
are classified according to six Pasquill 
stability classes (denoted by the letters A–
F). The stability classes are mainly 
correlated to wind speed and the quantity of 
sunlight. 
The stability classes are mainly correlated 
to wind speed and the quantity of sunlight. 
Gaussian Model: Most industrial accidents 
occur due to release of toxic material. The 
various parameters affect the discharge 
modeling of these materials such as full 
diameter of rupture, material phase and its 
amount, etc. The goal of material release 
modeling is prediction of dispersed 
concentration at specified distance and 
time. These models are acceptable in 
accuracy and have many applications in 
release modeling.  
This model is based on the following partial 
equation that is obtained from the mass 
conservation equation by: 
 









C is material concentration, u is wind 
velocity and j shows direction of X, Y and 
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And in flash release is calculated by: 
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Maximum concentration also is calculated 
by equation (4) as follows: 
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Water Treatment Plant of Eyvan city: 
Water treatment plant located at Eyvan city 
provides drinking water of this town, thus, 
the establishment of such a plant in that 
region is necessary. This unit including 
only one chlorination line is located in a 
populated area with about more than 30,000 
populations. 
As mentioned before, a consequence 
assessment requires information of the local 
population distribution to calculate the risk 
consequence for the different failure cases. 
The consequence results are most sensitive 
to the assumptions of population, which are 
most exposed to potential releases. 
In this study, two scenarios of rupture 
vessel and pipeline are evaluated 
particularly in terms of probability of 
fatality. The hole diameters of 5 mm and 25 
mm are selected for the case of second 
scenario. Regarding the operating 
conditions of chlorine plant, it should be 
noted that the temperature and volume of 
chlorine vessel are 0.638 m3 and 66.83 °C, 
respectively. In addition, the mass flow rate 
of chlorine in pipeline is equal to 4.2 × 10-5 
kg/s and the immediately dangerous to life 
and health (IDLH) factor of 30 ppm is 
considered for chlorine. Finally, the climate 
information of Eyvan is listed in Tables 1. 
IDLH is concentration limit for toxic 
relevant to gaseous compound or vapors. 
These levels have been previously 
recognized by the national institute for 
occupational safety and health (NIOSH) as 
the concentration from which one could 
escape within 30 min without any escape-
impairing symptoms or any irreversible 
health effects (17). This concentration for 
chlorine has been measured by NIOSH, and 
found to be equal to 30 ppm.  
Results  
It is noticeable that chlorine is mainly used 
for disinfection of drinking-water in this 
plant. Since chlorine is a toxic material, 
thus, its dispersion can be dangerous for 
human health. In the present study, the 
PHAST software is used for modeling of 
chlorine release. After running of this 
software fourteen diagrams including 
maximum concentration footprint, probity 
versus distance and probability of fatality 
are obtained for each scenario, which only 
some of them are compared together in this 
paper for sake of brevity. Figure 1(a, b) 
shows the maximum cloud concentration 
footprint in different areas from the top 
view for rupture of chlorine vessel and 
pipeline in four seasons. In this figure the 
regions with red, yellow, green and blue 
colors show the winter, autumn, summer 
and spring seasons, respectively. Figure 
1(a) shows that the cloud of chlorine with 
concentration more than 30 ppm, is 
appeared at 1220 m downwind distance for 
rupture of chlorine vessel in the summer, 
while Figure 1(b) shows the corresponding 
term at 46.5 m downwind distance for 


































    
    






































Figure 1. Maximum concentration footprint for rupture of: (a) chlorine vessel (b) chlorine pipeline in four seasons. 
 
Figure 2 shows the maximum concentration 
footprint of chlorine on the Eyvan city map. 
This figure is prepared based on the first 
scenario in four seasons and shows that the 
maximum concentration of chlorine occurs 
at the border town. Moreover, for the first 
scenario, concentration of chlorine reaches 
to its maximum values at 61.56 and 25.41 
seconds after rupture of chlorine cylinder in 
summer and winter, respectively. But in the 
second scenario, maximum concentration 
of chlorine is very lower than the former 
and occurs at 5.65 and 2.45 seconds after 
rupture of pipeline in summer and winter, 
respectively, which cannot be seen in the 
figure due to insignificant area relevant to 
this scenario Figure 3(a, b) shows the 
probability of fatality for rupture of 
chlorine vessel and pipeline, respectively, 
versus downwind distance for all seasons. 
Figure 3(a) shows that the probability of 
fatality is 100 % at outdoor release at 40 m 
downwind distance in all seasons for the 
first scenario, i.e. rupture of chlorine vessel.  
As shown in Figure 3(b), the probability of 
fatality is 2.8 % at outdoor release in 
summer at 25 m downwind distance for the 
second scenario, i.e. rupture of chlorine 
pipeline. In addition green, blue and red 
curves represent the probability of fatality 
versus downwind distance in autumn, 



































    
    
























































Figure 3. Probability of fatality for rupture of: (a) chlorine vessel (b) chlorine pipeline in four seasons. 
 
The consequence modeling results are 
summarized in Table 2. According to the 
simulation results, maximum downwind 
distances of chlorine release in summer, 
spring, autumn and winter are appeared in 
1220, 805, 780, and 720 m from the vessel, 
respectively, for the first scenario. Almost 
the same results are achieved for the second 
scenario, i.e. in the case of rupture of 
pipeline, maximum downwind distances of 
chlorine release in summer, spring, autumn 
and winter are appeared in 46.5, 32.5, 34, 
and 25.5 m, respectively. Moreover, some 
useful information such as maximum height 
of chlorine cloud and maximum width of 
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Table 1. Climate information. 
Seasons Atmospheric Stability Class Average temperature (°C) Humidity (%) Wind Speed(m/s) 
Spring B, C 18.06 35.7 13 
Summer C 25.5 17 10.7 
Autumn B, C 13.7 45 12 
Winter B 9.85 70 14 
 
Table 2. The results of consequence modeling. 
Scenario Seasons Maximum height of 
chlorine cloud (m) 
Maximum distance of 
chlorine cloud (m) 
Maximum width of 
chlorine cloud (m) 
Cloud area of 
chlorine (m2) 
Location point for 
100% fatality (m) 
Rupture of 
vessel 
Spring 56 805 310 175316 39.5 
Summer 42 1220 360 333520 40 
Autumn 60 780 300 170505 40 
Winter 69 720 280 140824 39.5 
Rupture of 
pipeline 
Spring 7.2 32.5 13.5 295 Not exist 
Summer 8.5 46.5 15 495 Not exist 
Autumn 7.5 34 13.5 330 Not exist 
Winter 6.9 25.5 12.5 222 Not exist 
 
Discussion 
Environmental risks of geographical 
distribution of chemical plants have 
emerged gradually with increase of 
environmental pollution occasions. For 
instance, about 150,000 people were 
injured during the chlorine leaking accident 
on 16 April 2004 in the Tianyuan Chemical 
Plant in China (18). Such a report clearly 
reveals the importance of the present study. 
In the other hand, chlorination plays a 
critical role in protecting of drinking-water 
as it is one of the main achievements of our 
time in the protection of public health. 
Consequence analysis was used to evaluate 
the maximum downwind distance 
corresponding to the threshold with high 
risk in the accident appeared in chemical 
industries. Therefore, chlorine vessel of 
water treatment plant of Eyvan city from 
Ilam province, Iran, was investigated by 
PHAST tools. Its data expert is distances in 
which material released has high 
concentration and input data are operating 
and weather conditions. 
According to the PHAST results, the worst 
scenario is related to rupture of chlorine 
vessel in summer because of the highest 
downwind distance of chlorine release in 
this state. This is because of the stability of 
weather condition in summer. As 
mentioned prior, the class stability of C is 
more than that of B. It should be noted that 
the stable weather conditions have more 
downwind distance than the other 
conditions.  From Figure 1, maximum and 
minimum cloud areas of the chorine 
covering around the source are occurred, 
respectively, in summer and winter for both 
scenarios. This is because class of stability 
differs for each season. When class of 
stability is C, atmospheric condition is more 
stable and stability leads to covering a wide 
range of area around the source by chlorine 
release . 
Moussa and Eid (19) investigated the risk 
management for chlorine release of a 
factory in Egypt. Their result showed the 
cloud concentration in release accident 
would arrive at 2500 m downwind distance 
from the vessel. In their case study a vessel 
with 30 tons of chlorine was used, which its 
volume is thirty times greater than the 
vessel used in the present study.    Pandya 
et al (20) studied sensitivity of PHASTʼs 
atmospheric dispersion model for three 
toxic materials, namely, nitric oxide, 
ammonia, chlorine. Particularly for the case 
of chlorine, they found that the released 
cloud arrives to 82 m downwind distance 
from the source. Overally, the discrepancy 
between the results of the previous studies 
mentioned above (Moussa and Eid (19) and 
Pandya et al. (20)) and the present study is 
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release from the vessel, which is due to the 
different weather and operating conditions 
used in each case. 
Figure 3 showed that maximum probability 
of fatality belongs to the first scenario with 
the value of 100 % and minimum 
probability of fatality belongs to the second 
scenario with the value of 2.8 %. This 
discrepancy is due to differences in material 
volumes that have released. Therefore, the 
amount of chlorine in the vessel that is 
much more than the corresponding term in 
pipeline causes the rupture in vessel to be 
more fatal and damaging. 
By bearing in mind the downwind distance 
of 1220 m corresponding to the threshold 
for irreversible impacts, considering this 
distance in the future programming is 
recommended to have a safe perimeters and 
consequently land-use planning. In 
addition, Haghnazarloo et al. (21) studied 
consequence modeling of a real rupture of 
toluene storage tank, more recently. They 
predicted dangerous distances for their case 
study. They also considered a presumed 
bund wall around the toluene vessel for 
more safety. This wall reduced the flash fire 
extension. Similar to the Haghnazarloo et 
al. (21), it is proposed that the vessel 
containing chlorine should be covered by a 
bound wall to reduce the risks of accident. 
Conclusion 
Chlorine and its release consequences have 
a mortal effect in society. The PHAST 
software was used in this paper to modeling 
of chlorine release from water treatment 
plant of Eyvan city. All possible scenarios 
were considered for real chlorine plant and 
the results were presented in order to 
evaluate risk consequence of water 
treatment plant. The modeling results 
regarding the rupture of chlorine vessel in 
summer showed the worst possible release 
scenario because of covering the more 
distance compared to the other scenario. 
The probability of fatality is 100 % at 40 m 
downwind distance from the vessel for all 
seasons of first scenario. Therefore, the 
surrounding land of the plant is non-
residential for this distance. Finally, it is 
suggested that the land around the unit 
should be haunted by a distance of 1220 m.
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